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ABSTRACT Middle East respiratory syndrome coronavirus (MERS-CoV) is a zoonotic
infection that emerged in the Middle East in 2012. Symptoms range from mild to severe
and include both respiratory and gastrointestinal illnesses. The virus is mainly present in
camel populations with occasional zoonotic spill over into humans. The severity of infec-
tion in humans is influenced by numerous factors, and similar to severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), underlying health complications can play a major
role. Currently, MERS-CoV and SARS-CoV-2 are coincident in the Middle East and thus a
rapid way of sequencing MERS-CoV to derive genotype information for molecular epide-
miology is needed. Additionally, complicating factors in MERS-CoV infections are coinfec-
tions that require clinical management. The ability to rapidly characterize these infections
would be advantageous. To rapidly sequence MERS-CoV, an amplicon-based approach
was developed and coupled to Oxford Nanopore long read length sequencing. This and
a metagenomic approach were evaluated with clinical samples from patients with MERS.
The data illustrated that whole-genome or near-whole-genome information on MERS-CoV
could be rapidly obtained. This approach provided data on both consensus genomes
and the presence of minor variants, including deletion mutants. The metagenomic analy-
sis provided information of the background microbiome. The advantage of this approach
is that insertions and deletions can be identified, which are the major drivers of genotype
change in coronaviruses.

IMPORTANCE Middle East respiratory syndrome coronavirus (MERS-CoV) emerged in late
2012 in Saudi Arabia. The virus is a serious threat to people not only in the Middle East but
also in the world and has been detected in over 27 countries. MERS-CoV is spreading in
the Middle East and neighboring countries, and approximately 35% of reported patients
with this virus have died. This is the most severe coronavirus infection so far described.
Saudi Arabia is a destination for many millions of people in the world who visit for religious
purposes (Umrah and Hajj), and so it is a very vulnerable area, which imposes unique chal-
lenges for effective control of this epidemic. The significance of our study is that clinical
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samples from patients with MERS were used for rapid in-depth sequencing and metage-
nomic analysis using long read length sequencing.

KEYWORDS MERS-CoV, MinION, metagenomics, sequencing

Coronaviruses were once described as the backwater of virology, as they did not
cause extensive disease in humans. However, with the emergence of severe acute

respiratory syndrome coronavirus (SARS-CoV) in China in 2003, Middle East respiratory
syndrome coronavirus (MERS-CoV) in Saudi Arabia in 2012, and now SARS-CoV-2 origi-
nating in 2019 in China, this is clearly not the case. These viruses cause respiratory and
gastrointestinal illnesses and share similar genome architectures and disease profiles.
Patients with existing health care problems, such as underlying cardiovascular disease
and genetic factors, may exhibit more severe symptoms and potentially have a fatal
outcome (1–4). As such, the presence of other respiratory pathogens may also be of
critical importance in the etiology of these infections, and they may also be part of the
normal healthy microbiome (5). Severe infection in humans is typified by cytokine
storms (6, 7), pneumonia, and kidney failure. MERS-CoV has been identified by the
WHO as a prioritized disease and is on their list of pathogens for research and develop-
ment in emergency contexts. With the advent of SARS-CoV-2, there is an urgent and
unmet health care need to develop generic medical countermeasures to combat these
infections and mitigate future outbreaks, particularly in contact tracing and under-
standing transmission dynamics. As a consequence, these viruses cripple national infra-
structure, trigger city-wide transport curfews, and disrupt international travel and com-
merce. Many countries are at risk for both SARS-CoV-2 and MERS-CoV.

There are striking parallels between the emergence of all three of these viruses. For
example, one of the major concerns with MERS-CoV is the potential spread of the virus
and other pathogens during Hajj (8). This is an annual Islamic pilgrimage to Mecca in
Saudi Arabia, involving some 2 million of the world’s population and approximately 0.5
million Saudi residents. There are constant spillover events from camels into humans,
and the geographical distribution of MERS-CoV in dromedaries is increasing either
through spread and/or increased surveillance. Currently, antiviral therapies and vac-
cines have compassionate or emergency use for the prevention or treatment of SARS-
CoV-2 infection in humans (9–12); however, none exist for MERS-CoV. Several ongoing
studies are evaluating medical countermeasures for MERS-coronavirus infection. They
have included compounds already in use in the clinic, such as a combination of inter-
feron-a2b and ribavirin (13). A phase 1 DNA vaccine, based on the viral spike glycopro-
tein, funded by US Department of the Army, has been recently evaluated in a human
trial (14) and also in dromedary camels (15). Additionally, a phase 1 clinical trial has
started in humans in Saudi Arabia assessing the safety and tolerability of a vaccine
based on the ChAdOx1 MERS vaccine (16, 17). The sporadic nature of the outbreaks
and the lack of suitable animal models have hindered research.

Given the lack of medical countermeasures, shutting down transmission changes is
essential to bringing such outbreaks under control (18), and sequencing the genomes of
viruses can aid in this endeavor through molecular epidemiology, as was demonstrated
with SARS-CoV in Singapore (19, 20). Sequencing provides information on the rate of
evolution of the virus (21), the origin of specific clusters (22), and whether an outbreak is
caused by continuous human-to-human transmission (21, 23); or it can be used to inves-
tigate zoonotic spillover (24). The use of long read length sequencing centered on the
Oxford Nanopore platform has rapidly decreased sequencing turnaround time and can
be applied to coronaviruses, for example with SARS-CoV-2 (25, 26).

MERS-CoV is highly transmissible (27), and sporadic outbreaks are ongoing in the
Kingdom of Saudi Arabia and surrounding regions. In order to aid in the diagnosis of
MERS-CoV by rapidly generating a viral genome sequence and to map the microbiome
in the nasopharyngeal sample, an amplicon-based and metagenomic MinION sequenc-
ing approach was used. During replication of coronaviruses, with an approximately 30-
kb positive-sense RNA genome, a nested set of subgenomic mRNAs are synthesized.
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Subgenomic mRNAs located toward the 39 end of the genome are generally more
abundant than transcripts nearer the 59 end (28, 29), and these products can be identi-
fied by amplicon sequencing. This study used a mixture of amplicon sequencing and
metagenomic approaches to characterize clinical samples from patients with MERS.
The amplicon approach was based on generating 30, 15, or 8 overlapping fragments
that spanned the genome but depended on the starting material. The rationale for
using larger amplicons was to establish a system that could be used to identify dele-
tions or recombination sites in the genome, which are hallmarks of coronavirus RNA
synthesis. The data demonstrated that whole-genome or near-whole-genome infor-
mation on MERS-CoV was rapidly obtained from samples taken from infected
patients and sequenced using the amplicon approach. Furthermore, the amplicon-
based sequencing approach provided data on both consensus genomes and the
presence of minor variants, including deletion mutants. Metagenomic analysis pro-
vided information of the background microbiome and how this may be associated
with outcome. Real-time analysis of the microbiome in patients and the identification
of antibiotic resistance markers may provide better chemotherapeutic approaches to
manage coinfections.

RESULTS AND DISCUSSION

Single nucleotide polymorphisms, recombination, and resulting deletions (and
potentially insertions) may account for the wide genome diversity observed in
some strains of coronaviruses (30–32). These recombination events can led to new
strains of coronaviruses (33) or potentially affect vaccine strategies (34, 35). In order
to identify these genome changes with sequencing for MERS-CoV, rapid long read
length approaches offered by Oxford Nanopore were developed. They used longer
amplicons selected through appropriate primer pairs located along the MERS-CoV
genome (Fig. 1). Note that this approach would also use the nested set of subge-
nomic mRNAs to capture sequence information.

Validation of primers and generation of amplicons using total RNA purified
from MERS-CoV-infected cells. To evaluate the utility of the selected primers for the
amplification of viral RNA under controlled conditions, total RNA was purified from
MRC-5 cells that had been infected with the EMC strain of MERS-CoV at a multiplicity
of infection (MOI) of 5. This RNA was used as a template to prime cDNA synthesis using
random hexamers. Amplification conditions are provided in Table 1; the MERS-CoV ge-
nome was amplified using either 30 amplicons (Fig. 2A), 15 amplicons (Fig. 2B), or 8
amplicons (Fig. 2C), using the same set of conditions for each set of amplicons (see
Table S1 in the supplemental material). The rationale behind using the same amplifica-
tion conditions across all primer pairs is that amplification would be more efficient if a
large-scale sample analysis was required. These data indicated that for the all of the
approaches, PCR products were observed that spanned the MERS-CoV genome.
However, the 15- and 8-amplicon approach products varied in efficiency.

Generation of amplicons from patients infected with MERS-CoV and derivation
of consensus genome sequence. The 30-, 15-, and 8-amplicon approaches were eval-
uated on RNA extracted from nasal aspirates taken from patients with MERS. The data
indicated that the 30- and 15-amplicon approaches could be used to generate frag-
ments from clinical samples (Fig. 3A and B, respectively). The 8-amplicon approach was
not sufficient for obtaining coverage across the MERS-CoV from a clinical sample (data
not shown), probably due to the lower quality of RNA than that obtained from cell cul-
ture. The PCR products generated in the 30- and 15-amplicon approach (from separate
patients) were combined for each patient, barcoded, and sequenced on separate flow
cells for each patient. Sequencing reads generated by the MinION were aligned to a
reference sequence. The analysis showed that a complete genome sequence could be
obtained from the 30-amplicon (Fig. 4A) and 15-amplicon approach (Fig. 4B). A consen-
sus sequence was generated using the ARTIC bioinformatic pipeline. To identify the vi-
ral genome sequence that dominated the population, a custom perl script was used to
count the number of each nucleotide against the reference sequence (GenBank
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FIG 1 Location of conserved primer pairs (Table 4) on the MERS-CoV genome and position compared with MERS-CoV genes. Primer pairs can be used to
generate amplicons of various lengths, including 30, 15, and 8 amplicons as indicated. Appropriate genes are indicated on the MERS-CoV genome.
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accession number NC_019843.3). This sequence was used to generate a bespoke con-
sensus genome for an individual patient.

Analysis of the minor variant population within patients. The minor variant pop-
ulation in infections has been shown to influence the kinetics of virus replication and
be associated with patient outcome (36). Therefore, methodologies were developed
that could be used to assess the minor variant frequency within a sample from a
patient infected with MERS-CoV. The custom perl script used to call the consensus also
revealed the nucleotide depth and the counts of each nucleotide at each position
(Fig. 5). The depth was used to normalize the mutation frequency into a proportion
instead of a raw count, allowing a comparison of samples of different read depths.
Nucleotides that had a count less than 20 were removed from analysis. As proof of
principle, this approach was applied to the sequencing data obtained from patients 10
and 115, as these were of higher quality. Patient 10 appeared to have more base
changes than patient 115 (Fig. 6). Transitions (A.G, G.A, C.U, and U.C) were
more frequently observed, and C.U seemed more prominent than other mutations.
This finding is consistent with RNA editing by APOBEC. APOBEC3 family members have
been shown to be involved in restricting the growth of human coronavirus NL63
(HCoV-NL63) (37) and identified as potential drivers of C-to-U transitions in SARS-CoV-2
(38). We note that assessing minor variant populations using data from MinION
sequencing may be problematic due to the higher error rate in sequencing than for
example Illumina-based approaches (39). However, with sufficient read depth in a sam-
ple, an overview of the minor variant frequency/population can still be obtained.
Adjusted gene size was calculated by dividing each MERS gene by the length of the
total viral genome (30,108 bp). Global indel polymorphisms were grouped by category
and mapped to their corresponding location within the reference sequence (Fig. 7).
The mean proportion of each observation (against depth) was multiplied by the
adjusted gene size to produce a standardized indel proportion for each gene (Fig. 8).

Identification and analysis of deletions in the viral genome in samples from
patients. Deletions within the genome of MERS-CoV were identified in the sequencing
data from patients 10 and 115 (Table 2). Patient 10 had five deletions in Orf1ab and a
deletion spanning N. Patient 115 was sequenced with the 15-amplicon approach and
therefore generated amplicons over 2 kb in length. A deletion of 77 bases that
spanned the orf4b and orf5 genes was identified in this patient. Deletions in this
region may have implications on virus pathogenesis, ORF4A is able to inhibit early
antiviral responses (interferon a/b [IFN a/b]) in the host (40), and likewise ORF5
may reduce inflammatory responses (41). This finding was consistent in both bioin-
formatic pipelines that were used. The presence of these deletions does not rule
out that at the minor variant level full intact gene were present. However, the data
do illustrate the plasticity of the MERS-CoV genome.

Identification of bacterial and viral sequences in samples from patients and
antibiotic resistance markers. The presence of other infections in patients with
MERS may also require clinical management and influence the outcome. A meta-
genomic approach was used to identify other microorganisms present in the clini-
cal samples from patients with MERS. Species such as Acinetobacter baumannii,
Pseudomonas aeruginosa, and Streptococcus pneumoniae were identified, of which

TABLE 1 PCR conditions for 30-, 15-, and 8-amplicon approaches

Step No. of cycles Temp (°C) Time
Initial denaturation 1 98 30 sec
Denaturation 35 98 10 sec
Annealing 66 30 sec
Extension 72 50a, 90b, or 180c sec
Final extension 1 72 2min
aFor the 30-amplicon approach.
bFor the 15-amplicon approach.
cFor the 8-amplicon approach.
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FIG 2 Agarose gel electrophoresis of amplicons generated using 30 (A), 15 (B), and 8 (C) combinations of primers pairs. These primer pairs were used to
generate amplicons in combination with reverse transcription of RNA extracted from MERS-CoV-infected cells and are indicated above the appropriate lane
on the gel image. Molecular size markers are indicated to the left.
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all can be associated with bacterial pneumonia (Fig. 9). Although the detection of
RNA does not always infer active infection, identification is based on the active
bacterial transcriptome.

Patients with Acinetobacter transcripts were associated with a fatal outcome of the
disease (Fig. 9). Acinetobacter infections are often exclusive to health care settings,
especially in patients who have received ventilation support. Acinetobacter species are
considered a serious multidrug-resistant pathogen and are encompassed in the
ESKAPE acronym, referring to Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spe-
cies (42). Evidence for antibiotic-resistant genes was identified in patient 6 within
Klebsiella pneumoniae (TEM-4) and Acinetobacter baumannii species (LpxC, adeI, adeJ,
mexT, adeN, adeK, and ADC-2) (Table 3). This patient died from a severe MERS infection.
Several groups have suggested that the widespread use of antibiotics as part of the
management of patients with COVID-19 may effect antimicrobial resistance (AMR) (43).

FIG 3 Agarose gel electrophoresis of amplicons generated using 30 (A) and 15 (B) combinations of primers pairs. These
primer pairs were used to generate amplicons in combination with reverse transcription of RNA extracted from nasal
aspirates taken from patients with MERS. Primer pairs are indicated above the appropriate lane on the gel image.
Molecular size markers are indicated to the left.
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Metagenomic analysis of samples from patients with severe coronavirus infection, as
illustrated in this study, can be used to track these markers. Human alphaherpesvirus 1
transcripts were identified in patient 5 through this approach. Ongoing research
throughout the SARS-CoV-2 pandemic suggests that coronaviruses may be able to
reactivate herpes simplex virus and cytomegalovirus during severe disease (44).

The abundance of bacteria was compared between fatal cases and nonfatal cases
using DESeq2 (Fig. 10). In general, transcripts from bacteria in the Proteobacteria phyla
were higher in abundance in the fatal cases than those in nonfatal cases, including spe-
cies from the Acinetobacter and Klebsiella genera. Previous studies have suggested
interactions between viral infections and bacterial communities. An increase in the
abundance of Proteobacteria was observed following an experimental rhinovirus infec-
tion in chronic obstructive pulmonary disease (COPD) patients (45). Patients with 2009
influenza A H1N1 infections and pneumonia were found to have an expansion of
Proteobacteria compared with nonviral pneumonias (46–48).

The data indicated that an amplicon-based approach could be used to rapidly
sequence MERS-CoV from clinical samples and provide information on genetic diver-
sity and insertions/deletions. This approach was complemented with a metagenomic
approach that was able to resolve the microbiome present in the clinical samples. This
analysis identified bacteria associated with ventilation and also antibiotic resistance
markers. Overall, the research demonstrates the utility of rapid long read length
sequencing for characterizing MERS-CoV infection in samples from humans with MERS.

MATERIALS ANDMETHODS
Ethics statement. Ethical approval was obtained from the Institutional Review Board no. 18-102,

King Fahad Medical City, Riyadh, Saudi Arabia. Samples for diagnostic purposes from nasopharyngeal
aspirates (NPAs), oropharyngeal swabs, tracheal aspirates, and throat swabs were used for this study.

Sample collection and processing. NPAs, oropharyngeal swabs, tracheal aspirates, and throat
swabs were collected from MERS-CoV-positive patients (45 to 74 years old) admitted to different hospi-
tals within Saudi Arabia. MERS-CoV diagnosis was confirmed by reverse transcriptase PCR (RT-PCR)
(bioMérieux Diagnostics). For this study, the NPAs with a confirmed MERS-CoV diagnosis from the
Ministry of Health (MOH) Saudi Arabia, had no identifying information. The sampling NPAs, oropharyngeal

FIG 4 Read depth analysis of 30 (A) and 15 (B) amplicons sequenced on a single flow cell using an Oxford
Nanopore MinION device. Coverage of each position on the MERS-CoV genome is indicated on the y axis. The
nucleotide length of the MERS-CoV genome is indicated by the genome position on the x axis. The dashed line
represents 20� coverage, indicating that above this line each nucleotide was sequenced at least 20 times.
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swabs, tracheal aspirates, and throat swabs was carried out as per the MOH’s guidelines. Samples were
stored at 280°C until used. RNA from the NPAs was extracted using an EZ1 virus minikit v2 (955134;
Qiagen). The RNA concentration was measured by the Qubit RNA broad-range (BR) assay (32852; Qiagen).
Information on samples from patients used in this study is included in Table 4. This information includes
sex, age, hospital, specimen type, threshold cycle (CT) value of the E gene and ORF1AB, comorbidities, out-
come, and whether the patient was in an intensive care unit.

Virus stock generation and infection. To prepare RNA from virus-infected cells as a control for
amplification, the MRC-5 cell line was infected with MERS-CoV (Erasmus strain) at an MOI of 5. Total RNA
was purified using the TRIzol method.

DNase Treatment of RNA. RNA was extracted from respiratory samples taken from 15 patients with
severe MERS, including combined nasal and oropharyngeal swabs (n= 9), a throat swab (n= 1), nasal
swabs (n= 4), and tracheal aspirate (n= 1). Metagenomic approaches have been used to identify the
microbiome in samples from patients and correlate them with patient outcome (49). Sequence-inde-
pendent, single-primer amplification (SISPA) was used to identify bacterial and viral transcripts present
within the clinical samples. These transcripts were assessed using the real-time analysis pipelines
EPI2ME with AMR or Kraken and Phyloseq packages. RNA samples were treated with Turbo DNase
(Invitrogen, Vilnius, Lithuania) by adding 1ml of Turbo DNase with 5-ml 10� buffer in a 56-ml reaction.
The reaction mixture was incubated at 37°C for 30 minutes. A total of 5ml of inactivating agent was
added and the mixture incubated at room temperature for 2 minutes. The reaction was centrifuged at
10,000 � g for 90 s, and the RNA supernatant was transferred into a new tube.

Primer design and synthesis. Primers for the generation of overlapping amplicons were designed
using the Primer3Plus platform and rechecked again by Primer BLAST (NCBI) to avoid primers with a
high self-complementary score. Primers were synthesized by Eurofins Genomics (the sequence of the
primers is shown Table S1). The stock concentration was 100mM, and primers were diluted in DNase/
RNase-free H2O to make a 10mM working concentration. Twenty MERS-CoV genome sequences were
aligned with a reference sequence (NC_019843.3; the Erasmus Medical Centre [EMC] sequence). These
sequences represented viruses collected in regions of Saudi Arabia and countries that reported cases,
including South Korea. Primer binding sites were chosen from conserved regions after alignment so that

FIG 5 A flow diagram of the bioinformatic pipeline that was used to derive viral genome coverage and minor variation information of viral genomes
within patients.
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a minimum of roughly 1,000-bp sequential amplicons would be generated with an approximately 200-
bp overlapping region at each terminus. This process resulted in the selection of 30 sets of primer pairs
(Table S1) that could be used to walk across the MERS-CoV genome with overlap between each gener-
ated amplicon. Alternatively, primer pairs could be selected that allowed the generation of larger ampli-
cons that spanned more of the genome in contiguous reads (Fig. 1). To evaluate the utility of the
selected primers for the amplification of viral RNA under controlled conditions, RNA was purified from
MRC-5 cells that had been infected with the EMC strain of MERS-CoV at an MOI of 5. Infection was car-
ried out under CL31 conditions and total RNA purified from these infected MRC-5 cells at 16 h postinfec-
tion. This RNA was used as a template to prime cDNA synthesis using random hexamers. Primer pairs
(Table S1) were tested by gradient PCR to determine the optimum annealing temperature (data not
shown).

cDNA synthesis and PCR. Superscript IV reverse transcriptase (18090010; ThermoFisher) and ran-
dom hexamers (2.5mM) were used to generate cDNA templates from RNA. cDNA was amplified using a
Q5 high-fidelity DNA polymerase (M0491; New England BioLabs [NEB]).

Amplicon analysis and sequencing. PCR products were run on a 1% agarose gel in Tris-acetate-
EDTA (TAE) buffer to confirm the presence of amplicons. The amplicons generated from an individual
patient were pooled and cleaned using AMPure XP beads (A63882; Beckman Coulter) following the
manufacturer’s instructions before preparing the sequencing library with the ligation sequencing kit
(SQK-LSK109; Oxford Nanopore Technologies). The sequencing library was added to a flow cell con-
nected to a MinIT device, and sequencing was initiated through MinKNOW. An initial rapid base-calling
setting was used.

SISPA. RNA was reverse transcribed with SuperScript IV reverse transcriptase (Invitrogen) using Sol-
PrimerA (59-GTTTCCCACTGGAGGATA-N9-39), followed by second-strand DNA synthesis with Klenow

FIG 6 The sequencing reads were mapped to the patient consensus viral genome sequence. The custom
script counted the number of each base at each genome position with a quality score of .10. Positions with a
depth of ,20 were removed from the analysis. This figure shows the proportion of base changes observed
compared with the patient’s dominant consensus reference genome. Overall, transitions were observed more
frequently than transversions, where C.U is the most observed base change. Patient 10, dark gray; patient
115, light gray; outliers not visualized.
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FIG 7 Genome-wide representation of standardized indel polymorphisms for patient (PX) 110 and PX 115. Indels are designated by bars
and anchored at the x axis, corresponding to each gene. The standardized indel proportion is ranked in each plot. Where the difference
in scale hinders visualization, radial subplots are used to provide a view of genes with the lowest proportion of indels.
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FIG 8 Genome-wide representation of indel polymorphisms, demonstrated by smoothened densities (adjust, 0.05; alpha, 0.7) for PX
110 and PX 115.

AQ:fig
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(NEB). Reaction conditions for round A were as follows: 1ml of Sol-PrimerA (40 pmol/ml) was added to
4ml of sample RNA, which was heated at 65°C for 5min and then cooled on ice for 5min. Then, 7ml of
SuperScript master mix (4ml 5� SuperScript IV buffer, 1ml 100mM dithiothreitol [DTT], and 1ml
RNaseOUT [Invitrogen]) and 1ml SuperScript IV reverse transcriptase (200 U/ml) were added and incu-
bated at 23°C for 10 minutes and then at 50°C for 10 minutes. The reaction was inactivated by incubat-
ing at 80°C for 10 minutes. For second-strand synthesis, Klenow fragment (NEB) was used. The cDNA
from each reaction mixture was purified using a 1:1 ratio of AMPure XP beads (Beckman Coulter, USA). A
total of 5ml cDNA was amplified with Q5 high-fidelity DNA polymerase (NEB) according to manufac-
turer’s instructions with Primer Sol-B. Cycling conditions were as follows: 98°C for 30 s; followed by 30
cycles of 98°C for 10 s, 55°C for 30 s, and 72°C for 1min; with a final extension at 72°C for 10min. All
amplified cDNA was purified using a 1:1 ratio of AMPure XP beads (Beckman Coulter, USA) and resus-
pended in 25ml. Purified cDNA was quantified using the Qubit double-stranded DNA (dsDNA) high-sen-
sitivity (HS) assay (Q32851; Invitrogen) according to the manufacturer’s instructions.

Bioinformatics. Fast5 files were base called again using Guppy (v.3.5.2) to mitigate for the lower ac-
curacy associated with the rapid base calling setting initially used on the MinIT device. To investigate
deletions in the MERS-CoV genome, library reads were filtered by the expected amplicon size and then
aligned to the NCBI MERS reference NC_019843.3 using minimap2 (v.2.17-r941) as per the artic pipeline,
and SVIM (v.1.4.2) was used to identify deletions (26).

In addition, SAMtools (v.1.10) was used to sort and index the alignment files, picard MarkDuplicates
(v.2.23.4) was used to remove amplification duplicates, and then a custom perl script was used count
the nucleotides at each position on the reference genome, when the mapping quality was above 10.
This step ensures that every nucleotide on the derived consensus genome has been sequenced at least
10 times. Data were visualized using R studio using ggplot2. To consider the minor variation, the nucleo-
tide depth at a single position with less than 20 counts was not taken forward into analysis to mitigate
random sequencing errors.

For rapid assessment of the metatranscriptome approach, Fastq files were uploaded to the Oxford
Nanopore Technology (ONT) cloud-based pipeline EPI2ME (Fastq antimicrobial resistance; WIMP [rev.
3.4.0], and ARMA CARD (rev. 1.1.6)) workflow to retrieve taxonomy classification and antimicrobial resist-
ance information from MERS-CoV clinical samples.

In addition, metatranscriptomic reads were assessed with Kraken2 (v.2.2.1). Host removal was carried
out to remove human reads. The human genome assembly GRCh38.p13 was used as a reference. The
human genome assembly was indexed with minimap2 using the parameter “-ax map-ont” (50). The
quality-controlled Oxford Nanopore fastq reads were mapped to the indexed human genome assembly
with minimap2 using default parameters. The resulting SAM file was sorted and converted to bam with
the command “samtools sort” (51). A fastq file with unmapped reads was produced with the “samtools
fastq” command with the parameter “-f 4” (51).

The quality-controlled, host-removed reads were classified using Kraken2 (52). The standard Kraken2
output and sample report output files were produced with the options “–output” and “–report,”

FIG 9 The top 20 species categorized into genus from 15 patients with severe MERS infection. Human reads
were removed from sequencing libraries, and viral and bacterial transcripts were identified using Kraken2.
Kraken2 outputs were converted into biom format before importing into R with Phyloseq. The relative
abundance of each species is plotted for each patient. 1, MERS-CoV reads detected; 2, MERS-CoV reads not
detected.
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TABLE 3 Antimicrobial resistant genes identified in bacteria from patients with MERS-CoV infectiona

Patient no. Gene
No. of
alignments

Avg
accuracy (%) Taxon CARDmodel

4 Escherichia coli 16S rRNA
mutation in the rrsB gene
conferring resistance to
tetracycline

357 91.90 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNAmutation
in the rrsB gene conferring
resistance to neomycin

381 91.80 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNAmutation
in the rrnB gene conferring
resistance to streptomycin

365 91.80 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNA
mutation in the rrnB gene
conferring resistance to
spectinomycin

380 91.60 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNAmutation
in the rrsB gene conferring
resistance to gentamicin C

332 91.60 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNAmutation
in the rrsB gene conferring
resistance to streptomycin

378 91.60 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNAmutation
in the rrnB gene conferring
resistance to tetracycline

387 91.50 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNA
mutation in the rrsB gene
conferring resistance to
spectinomycin

339 91.5 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNAmutation
in the rrsB gene conferring
resistance to tobramycin

407 91.50 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNAmutation
conferring resistance to edeine

331 91.40 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNA
mutation in the rrsB gene
conferring resistance to G418

340 91.40 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNAmutation
in the rrsB gene conferring
resistance to paromomycin

329 91.00 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNAmutation
in the rrsB gene conferring
resistance to kanamycin A

356 90.80 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNA
mutation in the rrsH gene
conferring resistance to
spectinomycin

389 90.60 Escherichia coli K-12 rRNA mutation model

Escherichia coli 16S rRNAmutation
in the rrsC gene conferring
resistance to kasugamycin

420 90.50 Escherichia coli K-12 rRNA mutation model

6 TEM-4 29 95.00 Klebsiella pneumoniae Protein homolog model
LpxC 80 94.30 Acinetobacter baumannii Protein variant model
adeI 30 93.70 Acinetobacter baumannii AB0057 Protein homolog model
adeJ 36 93.40 Acinetobacter baumannii Protein homolog model
mexT 29 93.30 Acinetobacter baumannii SDF Protein homolog model
adeN 18 92.70 Acinetobacter baumannii Protein homolog model
adeK 21 92.60 Acinetobacter baumannii Protein homolog model
ADC-2 18 92.10 Proteobacteria Protein homolog model

15 msr(E) 5 93.80 Escherichia coli Protein homolog model
aThe sequence-independent, single-primer amplification (SISPA) method was used to identify viral and bacterial transcripts within clinical samples. Fastq files were
uploaded to the Oxford Nanopore Technology (ONT) cloud-based pipeline EPI2ME (Fastq antimicrobial resistance, WIMP [rev. 3.4.0], and ARMA CARD [rev. 1.1.6]) workflow
to retrieve taxonomy classification and antimicrobial resistance information fromMERS-CoV clinical samples. Antimicrobial resistant gene candidates with more than 5
alignments and an average accuracy of more than 90% are presented.
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respectively. The database used during Kraken2 classification consisted of the “bacteria” and “viral”
kraken2 reference libraries (built 23 April 2020). Visualisation of the Kraken2 output was carried out with
Pavian, utilizing the Kraken2 report files (53). Kraken-biom (https://github.com/smdabdoub/kraken
-biom) was used to generate a biom table which was then read into R studio with Phyloseq to plot alpha

FIG 10 Increased and decreased abundance of bacteria in fatal cases of MERS-CoV infections compared with nonfatal cases derived from transcript
abundance data. A Phyloseq object was converted into a DESeq2 object, a contrast between fatal and nonfatal outcome was used to calculate log2 fold
change, and values with a false discovery rate (FDR) of ,0.01 were plotted. The x axis represents the genus of identified transcripts, unassigned refers to
transcripts that could not be assigned at the genus level, and color illustrates the phyla.

TABLE 4 Characteristics of patients included in this study

Patient Sex Age Hospital Specimen type

MERS-CoV CT value for:

Comorbidities Outcome ICU statusE gene orf1ab
1 Male 64 Medinah Combined nasopharyngeal and

oropharyngeal swab
30.84 30.75 Diabetes, hypertension Nonfatal

2 Male 64 Medinah Combined nasopharyngeal and
oropharyngeal swab

33.75 33.47 Diabetes, hypertension Nonfatal

3 Male 80 Medinah Combined nasopharyngeal and
oropharyngeal swab

30.76 30.96 Fatal

4 Male 60 Jeddah Nasopharyngeal swab 21.05 22.73 Diabetes, hypertension,
heart disease

Fatal Yes

5 Male 51 Jeddah Tracheal aspirate 27.75 29.68 Fatal Yes
6 Male 82 Jeddah Nasopharyngeal swab 29.18 29.54 Diabetes Fatal Yes
7 Female 64 Jeddah Nasopharyngeal swab 20.77 20.89 Nonfatal
8 Male 74 Dammam Combined nasopharyngeal and

oropharyngeal swab
23.49 24.81 Fatal Yes

9 Female 74 Dammam Nasopharyngeal swab 24 24 Diabetes, hypertension Nonfatal Yes
10 Male 60 Dammam Combined nasopharyngeal and

oropharyngeal swab
19.11 21.26 Fatal Yes

11 Female 45 Medinah Combined nasopharyngeal and
oropharyngeal swab

27.29 29.77

12 Male 61 Medinah Combined nasopharyngeal and
oropharyngeal swab

29.78 31.77 Diabetes Nonfatal No

13 Male 51 Medinah Combined nasopharyngeal and
oropharyngeal swab

29.27 31.78 Nonfatal No

14 Male 60 Medinah Combined nasopharyngeal and
oropharyngeal swab

30.02 30.91 Nonfatal

15 Male 67 Dammam Throat swab 30 31 Fatal Yes
115 Male 46 Riyadh Nasopharyngeal swab 23.37 23.98 Diabetes, hypertension Nonfatal Yes
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diversity and abundance of species identified in the clinical samples at the genus level (54). DESeq2 was
used to compare the difference in abundance of species between fatal (n= 7) and nonfatal (n= 7) MERS-
CoV infections (55).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TABLE S1, DOCX file, 0.02 MB.

ACKNOWLEDGMENTS
This work was supported by the intramural research fund from Research Center,

King Fahad Medical City, Saudi Arabia, under grant number 019-003 named
“Elucidating the viral biology of MERS-CoV and the host response using high resolution
sequencing” awarded to W.A. This work was also supported by the US Food and Drug
Administration contract number 5F40120C00085 named “Characterization of severe
coronavirus infection in humans and model systems for medical countermeasure
development and evaluation” awarded to J.A.H.

We declare that we have no conflict of interest.
Conceptualization: W.A. and J.A.H.; methodology: D.A.M., M.A., Z.M., A.D.D., W.A.,

R.P.-R., A.A., A.N., S.A., H.A., M.A., M.W.C., and J.A.H; software: R.P.-R. and X.D.; validation:
M.A., R.P.-R., A.J.H., Y.R., and X.D.; formal analysis: R.P.-R., D.A.M., A.D., Y.R., and X.D.;
investigation: W.A., A.D.D., M.A., R.P.-R., J.A.H., I.D.-B., Y.R., Z.M., A.A., N.Y.R., X.D., A.J.H.,
B.Y.A., D.A., B.A., and M.E.H.; resources: W.A., A.D.D., D.A.M., and J.A.H.; metadata: A.M.A.
and A.R.A.; data curation: R.P.-R. and X.D.; writing – original draft preparation: W.A. and
J.A.H.; writing – review and editing: all authors; visualization: M.A., R.P.-R., Y.R., and A.J.
H.; supervision: W.A., A.D., M.W.C., and J.A.H.; project administration: W.A. and J.A.H.;
funding: W.A., M.W.C., and J.A.H.

REFERENCES
1. Knight SR, Ho A, Pius R, Buchan I, Carson G, Drake TM, Dunning J, Fairfield CJ,

Gamble C, Green CA, Gupta R, Halpin S, Hardwick HE, Holden KA, Horby PW,
Jackson C, McLean KA, Merson L, Nguyen-Van-Tam JS, Norman L, Noursadeghi
M, Olliaro PL, Pritchard MG, Russell CD, Shaw CA, Sheikh A, Solomon T, Sudlow
C, Swann OV, Turtle LC, Openshaw PJ, Baillie JK, Semple MG, Docherty AB,
Harrison EM, ISARIC4C Investigators. 2020. Risk stratification of patients admitted
to hospital with covid-19 using the ISARIC WHO Clinical Characterisation Proto-
col: development and validation of the 4C Mortality Score. BMJ 370:m3339.
https://doi.org/10.1136/bmj.m3339.

2. Pairo-Castineira E, Clohisey S, Klaric L, Bretherick AD, Rawlik K, Pasko D, Walker S,
Parkinson N, Fourman MH, Russell CD, Furniss J, Richmond A, Gountouna E,
Wrobel N, Harrison D, Wang B, Wu Y, Meynert A, Griffiths F, Oosthuyzen W,
Kousathanas A, Moutsianas L, Yang Z, Zhai R, Zheng C, Grimes G, Beale R, Millar
J, Shih B, Keating S, Zechner M, Haley C, Porteous DJ, Hayward C, Yang J, Knight
J, Summers C, Shankar-Hari M, Klenerman P, Turtle L, Ho A, Moore SC, Hinds C,
Horby P, Nichol A, Maslove D, Ling L, McAuley D, Montgomery H, Walsh T, Gen-
COVID Investigators, et al. 2021. Genetic mechanisms of critical illness in COVID-
19. Nature 591:92–98. https://doi.org/10.1038/s41586-020-03065-y.

3. Drake TM, Docherty AB, Harrison EM, Quint JK, Adamali H, Agnew S, Babu S,
Barber CM, Barratt S, Bendstrup E, Bianchi S, Villegas DC, Chaudhuri N, Chua F,
Coker R, Chang W, Crawshaw A, Crowley LE, Dosanjh D, Fiddler CA, Forrest IA,
George PM, Gibbons MA, Groom K, Haney S, Hart SP, Heiden E, Henry M, Ho L-
P, Hoyles RK, Hutchinson J, Hurley K, Jones M, Jones S, Kokosi M, Kreuter M,
MacKay LS, Mahendran S, Margaritopoulos G, Molina-Molina M, Molyneaux
PL, O’Brien A, O’Reilly K, Packham A, Parfrey H, Poletti V, Porter JC, Renzoni E,
Rivera-Ortega P, Russell A-M, et al. 2020. Outcome of hospitalization for
COVID-19 in patients with interstitial lung disease. An international multicenter
study. Am J Respir Crit Care Med 202:1656–1665. https://doi.org/10.1164/rccm
.202007-2794OC.

4. Dorward DA, Russell CD, Um IH, Elshani M, Armstrong SD, Penrice-Randal R,
Millar T, Lerpiniere CEB, Tagliavini G, Hartley CS, Randle NP, Gachanja NN, Potey
PMD, Dong X, Anderson AM, Campbell VL, Duguid AJ, Al Qsous W, BouHaidar
R, Baillie JK, Dhaliwal K, Wallace WA, Bellamy COC, Prost S, Smith C, Hiscox JA,
Harrison DJ, Lucas CD. 2021. Tissue-specific immunopathology in fatal COVID-
19. Am J Respir Crit Care Med 203:192–201. https://doi.org/10.1164/rccm
.202008-3265OC.

5. Mostafa HH, Fissel JA, Fanelli B, Bergman Y, Gniazdowski V, Dadlani M, Carroll
KC, Colwell RR, Simner PJ. 2020. Metagenomic next-generation sequencing of
nasopharyngeal specimens collected from confirmed and suspect COVID-19
patients. mBio 11:e01969-20. https://doi.org/10.1128/mBio.01969-20.

6. Channappanavar R, Perlman S. 2017. Pathogenic human coronavirus infections:
causes and consequences of cytokine storm and immunopathology. Semin
Immunopathol 39:529–539. https://doi.org/10.1007/s00281-017-0629-x.

7. Alosaimi B, Hamed ME, Naeem A, Alsharef AA, AlQahtani SY, AlDosari KM,
Alamri AA, Al-Eisa K, Khojah T, Assiri AM, Enani MA. 2020. MERS-CoV infec-
tion is associated with downregulation of genes encoding Th1 and Th2
cytokines/chemokines and elevated inflammatory innate immune response
in the lower respiratory tract. Cytokine 126:154895. https://doi.org/10.1016/j
.cyto.2019.154895.

8. Salmon-Rousseau A, Piednoir E, Cattoir V, de La Blanchardiere A. 2016.
Hajj-associated infections. Med Mal Infect 46:346–354. https://doi.org/10
.1016/j.medmal.2016.04.002.

9. Ramasamy MN, Minassian AM, Ewer KJ, Flaxman AL, Folegatti PM, Owens DR,
Voysey M, Aley PK, Angus B, Babbage G, Belij-Rammerstorfer S, Berry L, Bibi S,
Bittaye M, Cathie K, Chappell H, Charlton S, Cicconi P, Clutterbuck EA, Colin-
Jones R, Dold C, Emary KRW, Fedosyuk S, Fuskova M, Gbesemete D, Green C,
Hallis B, Hou MM, Jenkin D, Joe CCD, Kelly EJ, Kerridge S, Lawrie AM, Lelliott A,
Lwin MN, Makinson R, Marchevsky NG, Mujadidi Y, Munro APS, Pacurar M,
Plested E, Rand J, Rawlinson T, Rhead S, Robinson H, Ritchie AJ, Ross-Russell AL,
Saich S, Singh N, Smith CC, Oxford COVID Vaccine Trial Group, et al. 2021. Safety
and immunogenicity of ChAdOx1 nCoV-19 vaccine administered in a prime-
boost regimen in young and old adults (COV002): a single-blind, randomised,
controlled, phase 2/3 trial. Lancet 396:1979–1993. https://doi.org/10.1016/S0140
-6736(20)32466-1.

10. Folegatti PM, Ewer KJ, Aley PK, Angus B, Becker S, Belij-Rammerstorfer S,
Bellamy D, Bibi S, Bittaye M, Clutterbuck EA, Dold C, Faust SN, Finn A, Flaxman
AL, Hallis B, Heath P, Jenkin D, Lazarus R, Makinson R, Minassian AM, Pollock KM,
RamasamyM, Robinson H, Snape M, Tarrant R, Voysey M, Green C, Douglas AD,
Hill AVS, Lambe T, Gilbert SC, Pollard AJ, Aboagye J, Adams K, Ali A, Allen E,
Allison JL, Anslow R, Arbe-Barnes EH, Babbage G, Baillie K, Baker M, Baker N,
Baker P, Baleanu I, Ballaminut J, Barnes E, Barrett J, Bates L, Batten A, Oxford
CVTG, et al. 2020. Safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine

Amplicon and Metagenomic Analysis of MERS-CoV

July/August 2021 Volume 6 Issue 4 e00219-21 msphere.asm.org 17

https://doi.org/10.1136/bmj.m3339
https://doi.org/10.1038/s41586-020-03065-y
https://doi.org/10.1164/rccm.202007-2794OC
https://doi.org/10.1164/rccm.202007-2794OC
https://doi.org/10.1164/rccm.202008-3265OC
https://doi.org/10.1164/rccm.202008-3265OC
https://doi.org/10.1128/mBio.01969-20
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1016/j.cyto.2019.154895
https://doi.org/10.1016/j.cyto.2019.154895
https://doi.org/10.1016/j.medmal.2016.04.002
https://doi.org/10.1016/j.medmal.2016.04.002
https://doi.org/10.1016/S0140-6736(20)32466-1
https://doi.org/10.1016/S0140-6736(20)32466-1
https://msphere.asm.org


against SARS-CoV-2: a preliminary report of a phase 1/2, single-blind, rand-
omised controlled trial. Lancet 396:467–478. https://doi.org/10.1016/S0140
-6736(20)31604-4.

11. Lopez Bernal J, Andrews N, Gower C, Robertson C, Stowe J, Tessier E,
Simmons R, Cottrell S, Roberts R, O'Doherty M, Brown K, Cameron C,
Stockton D, McMenamin J, Ramsay M. 2021. Effectiveness of the Pfizer-BioN-
Tech and Oxford-AstraZeneca vaccines on covid-19 related symptoms, hospital
admissions, and mortality in older adults in England: test negative case-control
study. BMJ 373:n1088. https://doi.org/10.1136/bmj.n1088.

12. Haas EJ, Angulo FJ, McLaughlin JM, Anis E, Singer SR, Khan F, Brooks N,
Smaja M, Mircus G, Pan K, Southern J, Swerdlow DL, Jodar L, Levy Y,
Alroy-Preis S. 2021. Impact and effectiveness of mRNA BNT162b2 vaccine
against SARS-CoV-2 infections and COVID-19 cases, hospitalisations, and
deaths following a nationwide vaccination campaign in Israel: an obser-
vational study using national surveillance data. Lancet 397:1819–1829.
https://doi.org/10.1016/S0140-6736(21)00947-8.

13. Falzarano D, de Wit E, Rasmussen AL, Feldmann F, Okumura A, Scott DP,
Brining D, Bushmaker T, Martellaro C, Baseler L, Benecke AG, Katze MG,
Munster VJ, Feldmann H. 2013. Treatment with interferon-alpha2b and
ribavirin improves outcome in MERS-CoV-infected rhesus macaques. Nat
Med 19:1313–1317. https://doi.org/10.1038/nm.3362.

14. Modjarrad K, Roberts CC, Mills KT, Castellano AR, Paolino K, Muthumani K,
Reuschel EL, Robb ML, Racine T, Oh MD, Lamarre C, Zaidi FI, Boyer J,
Kudchodkar SB, Jeong M, Darden JM, Park YK, Scott PT, Remigio C, Parikh
AP, Wise MC, Patel A, Duperret EK, Kim KY, Choi H, White S, Bagarazzi M,
May JM, Kane D, Lee H, Kobinger G, Michael NL, Weiner DB, Thomas SJ,
Maslow JN. 2019. Safety and immunogenicity of an anti-Middle East respi-
ratory syndrome coronavirus DNA vaccine: a phase 1, open-label, single-
arm, dose-escalation trial. Lancet Infect Dis 19:1013–1022. https://doi
.org/10.1016/S1473-3099(19)30266-X.

15. Adney DR, Wang L, van Doremalen N, Shi W, Zhang Y, Kong WP, Miller
MR, Bushmaker T, Scott D, de Wit E, Modjarrad K, Petrovsky N, Graham BS,
Bowen RA, Munster VJ. 2019. Efficacy of an adjuvanted Middle East respi-
ratory syndrome coronavirus spike protein vaccine in dromedary camels
and alpacas. Viruses 11:212. https://doi.org/10.3390/v11030212.

16. Alharbi NK, Qasim I, Almasoud A, Aljami HA, Alenazi MW, Alhafufi A,
Aldibasi OS, Hashem AM, Kasem S, Albrahim R, Aldubaib M, Almansour A,
Temperton NJ, Kupke A, Becker S, Abu-Obaidah A, Alkarar A, Yoon IK,
Azhar E, Lambe T, Bayoumi F, Aldowerij A, Ibrahim OH, Gilbert SC, Balkhy
HH. 2019. Humoral immunogenicity and efficacy of a single dose of ChA-
dOx1 MERS vaccine candidate in dromedary camels. Sci Rep 9:16292.
https://doi.org/10.1038/s41598-019-52730-4.

17. Alharbi NK, Padron-Regalado E, Thompson CP, Kupke A, Wells D, Sloan MA,
Grehan K, Temperton N, Lambe T, Warimwe G, Becker S, Hill AVS, Gilbert SC.
2017. ChAdOx1 and MVA based vaccine candidates against MERS-CoV elicit
neutralising antibodies and cellular immune responses in mice. Vaccine
35:3780–3788. https://doi.org/10.1016/j.vaccine.2017.05.032.

18. Ooi PL, Lim S, Chew SK. 2005. Use of quarantine in the control of SARS in
Singapore. Am J Infect Control 33:252–257. https://doi.org/10.1016/j.ajic
.2004.08.007.

19. Ruan YJ, Wei CL, Ee AL, Vega VB, Thoreau H, Su ST, Chia JM, Ng P, Chiu KP,
Lim L, Zhang T, Peng CK, Lin EO, Lee NM, Yee SL, Ng LF, Chee RE, Stanton
LW, Long PM, Liu ET. 2003. Comparative full-length genome sequence
analysis of 14 SARS coronavirus isolates and common mutations associ-
ated with putative origins of infection. Lancet 361:1779–1785. https://doi
.org/10.1016/S0140-6736(03)13414-9.

20. Liu J, Lim SL, Ruan Y, Ling AE, Ng LF, Drosten C, Liu ET, Stanton LW,
Hibberd ML. 2005. SARS transmission pattern in Singapore reassessed by
viral sequence variation analysis. PLoS Med 2:e43. https://doi.org/10
.1371/journal.pmed.0020043.

21. Carroll MW, Matthews DA, Hiscox JA, Elmore MJ, Pollakis G, Rambaut A,
Hewson R, Garcia-Dorival I, Bore JA, Koundouno R, Abdellati S, Afrough B,
Aiyepada J, Akhilomen P, Asogun D, Atkinson B, Badusche M, Bah A, Bate
S, Baumann J, Becker D, Becker-Ziaja B, Bocquin A, Borremans B,
Bosworth A, Boettcher JP, Cannas A, Carletti F, Castilletti C, Clark S,
Colavita F, Diederich S, Donatus A, Duraffour S, Ehichioya D, Ellerbrok H,
Fernandez-Garcia MD, Fizet A, Fleischmann E, Gryseels S, Hermelink A,
Hinzmann J, Hopf-Guevara U, Ighodalo Y, Jameson L, Kelterbaum A, Kis Z,
Kloth S, Kohl C, Korva M, et al. 2015. Temporal and spatial analysis of the
2014–2015 Ebola virus outbreak in West Africa. Nature 524:97–101.
https://doi.org/10.1038/nature14594.

22. Diallo B, Sissoko D, Loman NJ, Bah HA, Bah H, Worrell MC, Conde LS,
Sacko R, Mesfin S, Loua A, Kalonda JK, Erondu NA, Dahl BA, Handrick S,
Goodfellow I, Meredith LW, Cotten M, Jah U, Guetiya Wadoum RE, Rollin

P, Magassouba N, Malvy D, Anglaret X, Carroll MW, Aylward RB, Djingarey
MH, Diarra A, Formenty P, Keita S, Gunther S, Rambaut A, Duraffour S.
2016. Resurgence of Ebola virus disease in Guinea linked to a survivor
with virus persistence in seminal fluid for more than 500 days. Clin Infect
Dis 63:1353–1356. https://doi.org/10.1093/cid/ciw601.

23. Dudas G, Carvalho LM, Bedford T, Tatem AJ, Baele G, Faria NR, Park DJ,
Ladner JT, Arias A, Asogun D, Bielejec F, Caddy SL, Cotten M, D'Ambrozio
J, Dellicour S, Di Caro A, Diclaro JW, Duraffour S, Elmore MJ, Fakoli LS,
Faye O, Gilbert ML, Gevao SM, Gire S, Gladden-Young A, Gnirke A, Goba
A, Grant DS, Haagmans BL, Hiscox JA, Jah U, Kugelman JR, Liu D, Lu J,
Malboeuf CM, Mate S, Matthews DA, Matranga CB, Meredith LW, Qu J,
Quick J, Pas SD, Phan MVT, Pollakis G, Reusken CB, Sanchez-Lockhart M,
Schaffner SF, Schieffelin JS, Sealfon RS, Simon-Loriere E, et al. 2017. Virus
genomes reveal factors that spread and sustained the Ebola epidemic.
Nature 544:309–315. https://doi.org/10.1038/nature22040.

24. Kafetzopoulou LE, Pullan ST, Lemey P, Suchard MA, Ehichioya DU,
Pahlmann M, Thielebein A, Hinzmann J, Oestereich L, Wozniak DM,
Efthymiadis K, Schachten D, Koenig F, Matjeschk J, Lorenzen S, Lumley S,
Ighodalo Y, Adomeh DI, Olokor T, Omomoh E, Omiunu R, Agbukor J, Ebo
B, Aiyepada J, Ebhodaghe P, Osiemi B, Ehikhametalor S, Akhilomen P,
Airende M, Esumeh R, Muoebonam E, Giwa R, Ekanem A, Igenegbale G,
Odigie G, Okonofua G, Enigbe R, Oyakhilome J, Yerumoh EO, Odia I, Aire
C, Okonofua M, Atafo R, Tobin E, Asogun D, Akpede N, Okokhere PO,
Rafiu MO, Iraoyah KO, Iruolagbe CO, et al. 2019. Metagenomic sequencing
at the epicenter of the Nigeria 2018 Lassa fever outbreak. Science
363:74–77. https://doi.org/10.1126/science.aau9343.

25. Nasir JA, Kozak RA, Aftanas P, Raphenya AR, Smith KM, Maguire F, Maan H,
Alruwaili M, Banerjee A, Mbareche H, Alcock BP, Knox NC, Mossman K, Wang B,
Hiscox JA, McArthur AG, Mubareka S. 2020. A comparison of whole genome
sequencing of SARS-CoV-2 using amplicon-based sequencing, random hexam-
ers, and bait capture. Viruses 12:895. https://doi.org/10.3390/v12080895.

26. Moore SC, Penrice-Randal R, Alruwaili M, Randle N, Armstrong S, Hartley C,
Haldenby S, Dong X, Alrezaihi A, Almsaud M, Bentley E, Clark J, Garcia-Dorival I,
Gilmore P, Han X, Jones B, Luu L, Sharma P, Shawli G, Sun Y, Zhao Q, Pullan ST,
Carter DP, Bewley K, Dunning J, Zhou EM, Solomon T, Beadsworth M, Cruise J,
Crook DW, Matthews DA, Davidson AD, Mahmood Z, Aljabr W, Druce J, Vipond
R, Ng L, Renia L, Openshaw PJM, Baillie JK, Carroll MW, Stewart J, Darby A,
Semple M, Turtle L, Hiscox JA. 2020. Amplicon-based detection and sequencing
of SARS-CoV-2 in nasopharyngeal swabs frompatients with COVID-19 and iden-
tification of deletions in the viral genome that encode proteins involved in inter-
feron antagonism. Viruses 12:1164. https://doi.org/10.3390/v12101164.

27. Van Kerkhove MD, Alaswad S, Assiri A, Perera R, Peiris M, El Bushra HE,
BinSaeed AA. 2019. Transmissibility of MERS-CoV infection in closed set-
ting, Riyadh, Saudi Arabia, 2015. Emerg Infect Dis 25:1802–1809. https://
doi.org/10.3201/eid2510.190130.

28. Hiscox JA, Mawditt KL, Cavanagh D, Britton P. 1995. Investigation of the
control of coronavirus subgenomic mRNA transcription by using T7-gen-
erated negative-sense RNA transcripts. J Virol 69:6219–6227. https://doi
.org/10.1128/JVI.69.10.6219-6227.1995.

29. Hiscox JA, Cavanagh D, Britton P. 1995. Quantification of individual sub-
genomic mRNA species during replication of the coronavirus transmissi-
ble gastroenteritis virus. Virus Res 36:119–130. https://doi.org/10.1016/
0168-1702(94)00108-o.

30. Kottier SA, Cavanagh D, Britton P. 1995. Experimental evidence of recom-
bination in coronavirus infectious bronchitis virus. Virology 213:569–580.
https://doi.org/10.1006/viro.1995.0029.

31. Kusters JG, Jager EJ, Niesters HG, van der Zeijst BA. 1990. Sequence evi-
dence for RNA recombination in field isolates of avian coronavirus infec-
tious bronchitis virus. Vaccine 8:605–608. https://doi.org/10.1016/0264
-410x(90)90018-h.

32. Jackwood MW, Boynton TO, Hilt DA, McKinley ET, Kissinger JC, Paterson
AH, Robertson J, Lemke C, McCall AW, Williams SM, Jackwood JW, Byrd
LA. 2010. Emergence of a group 3 coronavirus through recombination. Vi-
rology 398:98–108. https://doi.org/10.1016/j.virol.2009.11.044.

33. Herrewegh AA, Smeenk I, Horzinek MC, Rottier PJ, de Groot RJ. 1998. Fe-
line coronavirus type II strains 79-1683 and 79-1146 originate from a double
recombination between feline coronavirus type I and canine coronavirus. J Virol
72:4508–4514. https://doi.org/10.1128/JVI.72.5.4508-4514.1998.

34. Sohrab SS, Azhar EI. 2019. Genetic diversity of MERS-CoV spike protein
gene in Saudi Arabia. J Infect Public Health 13:709–717. https://doi.org/
10.1016/j.jiph.2019.11.007.

35. Li YT, Chen TC, Lin SY, Mase M, Murakami S, Horimoto T, Chen HW. 2020.
Emerging lethal infectious bronchitis coronavirus variants with multiorgan tro-
pism. Transbound EmergDis 67:884–893. https://doi.org/10.1111/tbed.13412.

Aljabr et al.

July/August 2021 Volume 6 Issue 4 e00219-21 msphere.asm.org 18

https://doi.org/10.1016/S0140-6736(20)31604-4
https://doi.org/10.1016/S0140-6736(20)31604-4
https://doi.org/10.1136/bmj.n1088
https://doi.org/10.1016/S0140-6736(21)00947-8
https://doi.org/10.1038/nm.3362
https://doi.org/10.1016/S1473-3099(19)30266-X
https://doi.org/10.1016/S1473-3099(19)30266-X
https://doi.org/10.3390/v11030212
https://doi.org/10.1038/s41598-019-52730-4
https://doi.org/10.1016/j.vaccine.2017.05.032
https://doi.org/10.1016/j.ajic.2004.08.007
https://doi.org/10.1016/j.ajic.2004.08.007
https://doi.org/10.1016/S0140-6736(03)13414-9
https://doi.org/10.1016/S0140-6736(03)13414-9
https://doi.org/10.1371/journal.pmed.0020043
https://doi.org/10.1371/journal.pmed.0020043
https://doi.org/10.1038/nature14594
https://doi.org/10.1093/cid/ciw601
https://doi.org/10.1038/nature22040
https://doi.org/10.1126/science.aau9343
https://doi.org/10.3390/v12080895
https://doi.org/10.3390/v12101164
https://doi.org/10.3201/eid2510.190130
https://doi.org/10.3201/eid2510.190130
https://doi.org/10.1128/JVI.69.10.6219-6227.1995
https://doi.org/10.1128/JVI.69.10.6219-6227.1995
https://doi.org/10.1016/0168-1702(94)00108-o
https://doi.org/10.1016/0168-1702(94)00108-o
https://doi.org/10.1006/viro.1995.0029
https://doi.org/10.1016/0264-410x(90)90018-h
https://doi.org/10.1016/0264-410x(90)90018-h
https://doi.org/10.1016/j.virol.2009.11.044
https://doi.org/10.1128/JVI.72.5.4508-4514.1998
https://doi.org/10.1016/j.jiph.2019.11.007
https://doi.org/10.1016/j.jiph.2019.11.007
https://doi.org/10.1111/tbed.13412
https://msphere.asm.org


36. Dong X, Munoz-Basagoiti J, Rickett NY, Pollakis G, Paxton WA, Gunther S,
Kerber R, Ng LFP, Elmore MJ, Magassouba N, Carroll MW, Matthews DA,
Hiscox JA. 2020. Variation around the dominant viral genome sequence
contributes to viral load and outcome in patients with Ebola virus disease.
Genome Biol 21:238. https://doi.org/10.1186/s13059-020-02148-3.

37. Milewska A, Kindler E, Vkovski P, Zeglen S, Ochman M, Thiel V, Rajfur Z,
Pyrc K. 2018. APOBEC3-mediated restriction of RNA virus replication. Sci
Rep 8:5960. https://doi.org/10.1038/s41598-018-24448-2.

38. Simmonds P. 2020. Rampant C–.U hypermutation in the genomes of
SARS-CoV-2 and other coronaviruses: causes and consequences for their
short- and long-term evolutionary trajectories. mSphere 5:e00408-20.
https://doi.org/10.1128/mSphere.00408-20.

39. Quick J, Loman NJ, Duraffour S, Simpson JT, Severi E, Cowley L, Bore JA,
Koundouno R, Dudas G, Mikhail A, Ouedraogo N, Afrough B, Bah A, Baum
JH, Becker-Ziaja B, Boettcher JP, Cabeza-Cabrerizo M, Camino-Sanchez A,
Carter LL, Doerrbecker J, Enkirch T, Dorival IGG, Hetzelt N, Hinzmann J,
Holm T, Kafetzopoulou LE, Koropogui M, Kosgey A, Kuisma E, Logue CH,
Mazzarelli A, Meisel S, Mertens M, Michel J, Ngabo D, Nitzsche K, Pallash E,
Patrono LV, Portmann J, Repits JG, Rickett NY, Sachse A, Singethan K,
Vitoriano I, Yemanaberhan RL, Zekeng EG, Trina R, Bello A, Sall AA, Faye O,
et al. 2016. Real-time, portable genome sequencing for Ebola surveillance.
Nature 530:228–232. https://doi.org/10.1038/nature16996.

40. Yang Y, Ye F, Zhu N, Wang W, Deng Y, Zhao Z, Tan W. 2015. Middle East re-
spiratory syndrome coronavirus ORF4b protein inhibits type I interferon produc-
tion through both cytoplasmic and nuclear targets. Sci Rep 5:17554. https://doi
.org/10.1038/srep17554.

41. Menachery VD, Mitchell HD, Cockrell AS, Gralinski LE, Yount BL, Jr.,
Graham RL, McAnarney ET, Douglas MG, Scobey T, Beall A, Dinnon K, III,
Kocher JF, Hale AE, Stratton KG, Waters KM, Baric RS. 2017. MERS-CoV
accessory ORFs play key role for infection and pathogenesis. mBio 8:
e00665-17. https://doi.org/10.1128/mBio.00665-17.

42. Rice LB. 2008. Federal funding for the study of antimicrobial resistance in
nosocomial pathogens: no ESKAPE. J Infect Dis 197:1079–1081. https://
doi.org/10.1086/533452.

43. Monnet DL, Harbarth S. 2020. Will coronavirus disease (COVID-19) have
an impact on antimicrobial resistance? Euro Surveill 25:2001886. https://
doi.org/10.2807/1560-7917.ES.2020.25.45.2001886.

44. Le Balc'h P, Pinceaux K, Pronier C, Seguin P, Tadie JM, Reizine F. 2020. Herpes
simplex virus and cytomegalovirus reactivations among severe COVID-19
patients. Crit Care 24:530. https://doi.org/10.1186/s13054-020-03252-3.

45. Molyneaux PL, Mallia P, Cox MJ, Footitt J, Willis-Owen SA, Homola D,
Trujillo-Torralbo MB, Elkin S, Kon OM, Cookson WO, Moffatt MF, Johnston
SL. 2013. Outgrowth of the bacterial airway microbiome after rhinovirus
exacerbation of chronic obstructive pulmonary disease. Am J Respir Crit
Care Med 188:1224–1231. https://doi.org/10.1164/rccm.201302-0341OC.

46. Leung RK, Zhou JW, Guan W, Li SK, Yang ZF, Tsui SK. 2013. Modulation of
potential respiratory pathogens by pH1N1 viral infection. Clin Microbiol
Infect 19:930–935. https://doi.org/10.1111/1469-0691.12054.

47. Chaban B, Albert A, Links MG, Gardy J, Tang P, Hill JE. 2013. Characterization of
the upper respiratory tract microbiomes of patients with pandemic H1N1 influ-
enza. PLoS One 8:e69559. https://doi.org/10.1371/journal.pone.0069559.

48. Greninger AL, Chen EC, Sittler T, Scheinerman A, Roubinian N, Yu G, Kim
E, Pillai DR, Guyard C, Mazzulli T, Isa P, Arias CF, Hackett J, Schochetman
G, Miller S, Tang P, Chiu CY. 2010. A metagenomic analysis of pandemic
influenza A (2009 H1N1) infection in patients from North America. PLoS
One 5:e13381. https://doi.org/10.1371/journal.pone.0013381.

49. Carroll MW, Haldenby S, Rickett NY, Palyi B, Garcia-Dorival I, Liu X, Barker G, Bore
JA, Koundouno FR, Williamson ED, Laws TR, Kerber R, Sissoko D, Magyar N, Di
Caro A, Biava M, Fletcher TE, Sprecher A, Ng LFP, Renia L, Magassouba N,
Gunther S, Wolfel R, Stoecker K, Matthews DA, Hiscox JA. 2017. Deep sequenc-
ing of RNA from blood and oral swab samples reveals the presence of nucleic
acid from a number of pathogens in patients with acute Ebola virus disease and
is consistent with bacterial translocation across the gut. mSphere 2:e00325-17.
https://doi.org/10.1128/mSphereDirect.00325-17.

50. Li H. 2018. Minimap2: pairwise alignment for nucleotide sequences. Bioin-
formatics 34:3094–3100. https://doi.org/10.1093/bioinformatics/bty191.

51. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, Genome Project Data Processing Subgroup. 2009.
The Sequence Alignment/Map format and SAMtools. Bioinformatics
25:2078–2079. https://doi.org/10.1093/bioinformatics/btp352.

52. Wood DE, Lu J, Langmead B. 2019. Improved metagenomic analysis with
Kraken 2. Genome Biol 20:257. https://doi.org/10.1186/s13059-019-1891-0.

53. Breitwieser FP, Salzberg SL. 2020. Pavian: interactive analysis of metage-
nomics data for microbiome studies and pathogen identification. Bioin-
formatics 36:1303–1304. https://doi.org/10.1093/bioinformatics/btz715.

54. McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8:
e61217. https://doi.org/10.1371/journal.pone.0061217.

55. McMurdie PJ, Holmes S. 2014. Waste not, want not: why rarefying micro-
biome data is inadmissible. PLoS Comput Biol 10:e1003531. https://doi
.org/10.1371/journal.pcbi.1003531.

Amplicon and Metagenomic Analysis of MERS-CoV

July/August 2021 Volume 6 Issue 4 e00219-21 msphere.asm.org 19

https://doi.org/10.1186/s13059-020-02148-3
https://doi.org/10.1038/s41598-018-24448-2
https://doi.org/10.1128/mSphere.00408-20
https://doi.org/10.1038/nature16996
https://doi.org/10.1038/srep17554
https://doi.org/10.1038/srep17554
https://doi.org/10.1128/mBio.00665-17
https://doi.org/10.1086/533452
https://doi.org/10.1086/533452
https://doi.org/10.2807/1560-7917.ES.2020.25.45.2001886
https://doi.org/10.2807/1560-7917.ES.2020.25.45.2001886
https://doi.org/10.1186/s13054-020-03252-3
https://doi.org/10.1164/rccm.201302-0341OC
https://doi.org/10.1111/1469-0691.12054
https://doi.org/10.1371/journal.pone.0069559
https://doi.org/10.1371/journal.pone.0013381
https://doi.org/10.1128/mSphereDirect.00325-17
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1093/bioinformatics/btz715
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1371/journal.pcbi.1003531
https://msphere.asm.org

	RESULTS AND DISCUSSION
	Validation of primers and generation of amplicons using total RNA purified from MERS-CoV-infected cells.
	Generation of amplicons from patients infected with MERS-CoV and derivation of consensus genome sequence.
	Analysis of the minor variant population within patients.
	Identification and analysis of deletions in the viral genome in samples from patients.
	Identification of bacterial and viral sequences in samples from patients and antibiotic resistance markers.

	MATERIALS AND METHODS
	Ethics statement.
	Sample collection and processing.
	Virus stock generation and infection.
	DNase Treatment of RNA.
	Primer design and synthesis.
	cDNA synthesis and PCR.
	Amplicon analysis and sequencing.
	SISPA.
	Bioinformatics.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

